Male premature neonates are more susceptible than females to the development of bronchopulmonary dysplasia (BPD). The reasons underlying sexually dimorphic outcomes in premature neonates are not known. GDF15 (Growth and differentiation factor 15) is a secreted cytokine and plays a role in cell proliferation, apoptosis, and angiogenesis. In this study, we sought to elucidate the sex-specific expression of Gdf15 in the lung in vivo in neonatal hyperoxic lung injury and its regulation by Hif-1α, and to delineate the differences in GDF15 expression in male and female human umbilical venous endothelial cells in an in vitro model of oxygen toxicity. Following hyperoxia exposure (95% FiO 2 , PND (postnatal day 1-5: saccular stage of lung development), neonatal male mice (C57BL/6) show increased GDF15 and decreased HIF-1α expression compared to female mice. For the in vitro experiments, male and female HUVECs were exposed to room air condition (21% O2, 5% CO 2 ) or in hyperoxia condition (95% O2, 5% CO 2 ) for up to 72 h. Male HUVECs had greater expression of GDF15 mRNA and protein. To study the inter-relationship between GDF15 and HIF-1α, we measured the expression of GDF15 in H441 cells after HIF-1α knockdown using promoter dual luciferase reporter assay, which showed that HIF-1α and GDF15 expression are inversely related under normoxia and hyperoxia. The results indicate that sex differences exist in the expression and modulation of GDF15 by HIF-1α in neonatal hyperoxic injury both in vivo and in vitro. These differences could explain in part the mechanisms behind sex-specific differences in BPD.
Introduction
Bronchopulmonary dysplasia (BPD) is a debilitating lung disease with long-term consequences and is one of the most common causes for morbidity in premature neonates (Natarajan et al., 2012) . It is characterized by arrest in lung development with severe impairment of alveolar septation and vascular development, leading to the development of pulmonary hypertension. It is well known that male premature neonates are more susceptible than females for the development of many prematurity related morbidities including BPD (Binet et al., 2012; Costeloe et al., 2000; Kraybill et al., 1989; O'Shea et al., 2012; Trembath and Laughon, 2012; Zysman-Colman et al., 2013) , however, the underlying molecular mechanism(s) are not completely understood.
Sex-specific modulation of multiple biological processes (developmental, hormonal, physiological, inflammatory or vascular) may lead to the male bias in the development of BPD. Sex has an effect on prenatal lung development and on response to lung injury postnatally (Enomoto et al., 2012; Neriishi and Frank, 1984) . Differences in intracellular signaling pathways may also be playing a major role in the sexually dimorphic responses that are seen in neonatal hyperoxic lung injury (Penaloza et al., 2009) . Sex-specific differences in injury patterns have been observed both in vivo and in vitro models. Male neonatal mice (C57BL/6J) exposed to hyperoxia (PND1-5, 95% FiO 2 ) show greater arrest in alveolarization and vascular development when compared to females (Lingappan et al., 2016) . Male human umbilical venous endothelial cells have decreased survival, greater oxidative stress and impairment in angiogenesis compared to similarly exposed female cells (Zhang and Lingappan, 2017) .
GDF15 is recognized as a stress-responsive cytokine and its levels are elevated in diseases such as acute respiratory distress syndrome, pulmonary hypertension and heart failure (Clark et al., 2013; Kempf and Wollert, 2013; Nickel et al., 2011) . It is increased in response to oxidative stress (Han et al., 2008) . Recently, we showed induction in GDF15 expression in pulmonary epithelial and endothelial cells (Tiwari et al., 2015) . Hypoxia-inducible factor (HIF) is a master transcription factor, which modulates the expression of many oxygen sensitive genes including VEGF. HIF-1 expression is significantly decreased in the lungs of preterm lambs and neonatal rats exposed to hyperoxia (Grover et al., 2007; Hosford and Olson, 2003) . In hypoxic human umbilical vein endothelial cells, GDF15 pretreatment increases HIF-1α expression and nuclear translocation and knock-down of HIF-1α abolishes GDF15 mediated angiogenic effect and suppressed VEGF expression (Song et Toxicology and Applied Pharmacology 332 (2017) 
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Toxicology and Applied Pharmacology j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / t a a p al., 2012). The interactions between HIF-1α and GDF15 under hyperoxic conditions have not been studied. The overall objective of this study was to elucidate the sex-specific expression of Gdf15 in the lung in vivo in neonatal hyperoxic lung injury and its regulation by HIF-1α, and to delineate the differences in GDF15 and HIF-1α expression in male and female human umbilical venous endothelial cells in an in vitro model of oxygen toxicity. We hypothesized that sex differences exist in the expression and modulation of GDF15 by HIF-1α in neonatal hyperoxic injury both in vivo and in vitro.
Methods

Animals
Timed pregnant C57BL/6J wild type (WT) mice were obtained from Charles River Laboratories (Wilmington). The sex in neonatal mouse pups was determined by both the anogenital distance and pigmentation in the anogenital region method (Wolterink-Donselaar et al., 2009) . In younger mice, the sex was reconfirmed with PCR analysis for the Sry gene in genomic DNA obtained from mouse-tail clips as described before (Lingappan et al., 2016) .
Mouse model of BPD
Mouse pups were divided into two groups: one group exposed to normoxia (21% O 2 ) and the other group exposed to hyperoxia (95% O 2 ), within 12 h of birth for 5 days (saccular stage of lung development) (Harijith et al., 2013; Lin et al., 2005) . The saccular stage of lung development extends from 26 to 36 weeks in human preterm neonates. The pups were pooled from multiple litters before being randomly and equally redistributed to two groups, and in each cage the litter size was limited to six pups to control for the effects of litter size on nutrition and growth. The dams were rotated between air-and hyperoxiaexposed litters every 24 h to prevent oxygen toxicity in the dams and to eliminate maternal effects between the groups. Mice were sacrificed on PND7, and PND21 (after recovery in room air) as most of postnatal lung development in mice is completed by this age (5, 19, 74) . The control group was kept at room air for the same duration of time (PND7 and PND21).
Cell culture and hyperoxia treatment
Male and Female human umbilical endothelial cells were obtained from Lonza and maintained in EGM-plus medium (CC-5036, Lonza) with SingleQuots (CC-4542, Lonza) at 37°C in 5% CO 2 . Male and Female HUVECs were used from passages 3-6 to ensure their endothelial characteristics. H441 cells were obtained from ATCC and maintained in 1640 medium (Cat#11875093, ThermoFisher) with 10% FBS at 37°C in 5% CO 2 . 1 × 10 5 cells were seeded in a 6 mm dish. 24 h later, these cells were incubated at 37°C in room air (37% O 2 , 5% CO 2 ) or hyperoxia (95% O 2 , 5% CO 2 ) for 24, 48 and 72 h.
HIF-1α inhibition
HIF-1α siRNA (SASI_Hs02_00332063, SASI_Hs01_00122699) and negative Control siRNA (4457289) were purchased from Sigma-Aldrich and used for knocking down HIF-1α in H441 cells. Chetomin (Hif-1α inhibitor) was purchased from Santa Cruz and was used at a concentration of 150 nm or 300 nm to inhibit HIF-1α function in H441 cells.
Luciferase reporter assay
GDF15 promoter (− 1000 bp-0 bp) was cloned using PCR, then inserted in PGL3-basic plasmid to create GDF15-PGL3 plasmid. Primers used in gene clone were listed in Table. 1. GDF15-PGL3 plasmid (2 μg/well in a 6-well plate) and pRL-TK (0.5 μg/well in a 6-well plate; Promega Corp., Madison, WI) plasmid were co-transfected with Hif-1α siRNA or negative control siRNA in H441 cells using lipofectamine 2000 (ThermoFisher). Forty-eight hours after transfection, cells were harvested and used for dual-luciferase reporter assay (Promega Corp., Madison, WI). Extracts were assayed for firefly and the Renilla Luc activities using a dual Luc kit (Promega Corp., Madison, WI). Fire flyLuc activity was normalized to that of Renilla. The ratio of Firefly and Renilla was determined using a microplate reader (M3 SpectraMax).
Quantitative PCR
Total RNA was extracted from the lung tissues using TRIzol-chloroform and then treated with DNase I (Invitrogen). cDNA was prepared by using the using iScript Advanced cDNA Synthesis Kit (Bio-Rad). Quantitative PCR was performed using the QuantStudio 7 Flex realtime PCR detection system (ThermoFIsher) and SYBR Green. The thermal cycling conditions used were as follows: one cycle at 95°C for 1 min, 40 cycles at 95°C for 15 s, and one cycle at 60°C for 15 s. The primers used in real-time PCR test were listed in Table. 1. Relative mRNA levels were calculated using the 2 −ΔΔCT method and normalized by β-actin in the same sample.
Western immunoblotting
Protein was isolated using RIPA buffer (ThermoFisher) containing protease mixture inhibitors (ThermoFisher). Proteins were separated by 4-12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a PVDF membrane using a mini-PROTEAN tetra cell system (Bio-Rad). The following primary antibodies were used: rabbit anti-GDF15 (1:1000, Cell Signaling), rabbit anti-HIF1α (1:1000, Cell Signaling) and rabbit anti-β-actin (1:5000, Cell Signaling Technology, Beverly, MA). ECL plus western blotting substrate was used for visualizing protein bands. The protein bands were normalized by β-actin (used as a loading control) on the same gel.
ELISA
Human GDF15 ELISA kit (ab155432, Abcam) was purchased from Abcam to determine the GDF15 concentration in the cell culture Table 1 Primer list.
Primer
Forward Reverse
medium following the protocol. Briefly, 100-μl of cell culture medium from each sample was transferred into appropriate well. After 2.5 h incubation at room temperature with gentle shaking, biotinylated GDF15 antibody was added to the wells for 1 h at room temperature. After incubation with Streptavidin solution for 45 min at room temperature, TMB substrate reagent was added to each well for 30 min at room temperature. Stop solution was added to the appropriate wells and the signal measured. Final GDF15 concentration was calculated using a standard curve generated by standard samples.
Statistical analysis
GraphPad version 7 was used for the analysis of our data. Data is expressed as means ± SE. Data were analyzed by two-way ANOVA to test for the independent effects of sex and hyperoxia and to look for any interaction. Multiple-comparison testing (Bonferroni) was performed if statistical significance (P b 0.05) was noted by ANOVA.
Results
Hyperoxia increased Gdf15 expression in both male and female neonatal mice
Male and female WT (C57BL6) neonatal mice were exposed to hyperoxia from PND1-5 (95% FiO 2 ) during the saccular stage of lung development and control mice were maintained in room air conditions. We measured the expression of Gdf15 mRNA ( Fig. 1A and C) on PND7 and 21 and protein (Fig. 1B) on PND7 in the lungs. There was a significant increase in Gdf15 mRNA expression in the lungs after hyperoxia exposure in both male (P b 0.0001) and female mice (P = 0.02) on PND7. Both sex (P = 0.0065) and hyperoxia treatment (P b 0.0001) were significant in 2-way ANOVA analysis and the interaction term was also significant (P = 0.0052). Gdf15 mRNA was greater in the lungs of neonatal male mice compared to similarly exposed female mice. By PND21, there were no differences between room air controls and hyperoxia-exposed animals in either sex. GDF15 protein expression on PND7 showed an increase in the lungs of hyperoxia-exposed animals compared to room air controls in both sexes (P = 0.03), but no sex differences were noted.
3.2. HIF-1α expression was increased in female mice at PND7 and decreased in male mice at PND21 after hyperoxia exposure
We measured the expression of HIF-1α mRNA on PND7 (Fig. 1D) and PND21 (Fig. 1E ) in the lungs in vivo. In the acute phase (PND7), there was a significant increase in HIF-1α expression in the female lungs (P = 0.0079) after hyperoxia exposure compared to female room air controls, while males showed no increase. Sex was not significant, while treatment (P = 0.04) and the interaction term (0.02) were significant by 2-way ANOVA analysis. After recovery in room air, on PND21, there was decreased HIF-1α expression in the male but not in the female lungs compared to the room air controls. Interestingly, females had lesser HIF-1α expression in the lungs both at room air and after exposure to hyperoxia. 2-way ANOVA analysis was significant for treatment (P = 0.001) and sex (P b 0.001), but the interaction term was not significant. 
Male HUVECs have greater expression of GDF15 mRNA and protein after hyperoxia exposure in vitro
To assess sex-specific differences GDF15 expression in vitro, we exposed human umbilical venous endothelial cells of either sex to hyperoxia and measured mRNA ( Fig. 2A) and protein (Fig. 2B) levels. There was an increase in GDF15 mRNA expression following hyperoxia exposure at 24 and 48 h in both male and female HUVECs compared to cells maintained in normoxia (P b 0.001). At 48 h, this increase was larger in male compared to female neonatal mice. We measured GDF15 protein concentration using ELISA in the cell culture supernatants, as it is a secreted protein. At 24 h, male HUVECs had significantly increased GDF15 protein levels compared to cells in normoxia and compared to hyperoxia-exposed female HUVECs. At 48 h, female HUVECs displayed Fig. 2 . Effect of hyperoxia on GDF15 and HIF-1α expression in male and female HUVECs. GDF15 mRNA (A) and protein expression (B) in male and female HUVECs exposed to normoxic or hyperoxic conditions. HIF-1α protein expression and densitometry ananlysis in male (C) and female (D) HUVECs after hyperoxia exposure (48 h) compared to cells maintained in room air. Values are expressed as mean ± SEM. N = 6 for each group in each test. Significant differences from baseline are indicated by **P b 0.01 and ***P b 0.001. Significant differences between male and female HUVECs are indicated by ### P b 0.001. Fig. 3 . Effect of HIF-1α knockdown on GDF15 expression in H441 cells. HIF-1α (A) and GDF15 (B) mRNA expression in H441 cells after HIF-1α knock down using siRNA. siRNA transfection was done using two separate siRNAs against HIF-1α. (C) GDF15 mRNA expression in H441 cells after HIF-1α inhibition using Chetomin. (D) Relative Luciferase activity of GDF15 promoter after HIF-1α knock down using siRNA. Values are expressed as mean ± SEM. N ≥ 4 for each group in each test. Significant differences from baseline are indicated by *P b 0.05 and **P b 0.01. increased GDF15 protein expression, and male cells continued to have sustained increase in GDF15 protein levels. We also measured HIF-1α protein levels in male and female HUVECs after 48 h of hyperoxia or room air exposure. There was a significant decrease in HIF-1α protein expression in both male and female HUVECs exposed to hyperoxia compared to cells maintained in room air ( Fig. 2C and D) .
HIF-1α knockdown or inhibition increases GDF15 expression in H441 cells
To study the interaction between GDF15 and HIF-1α, we measured the expression of GDF15 in H441 cells after HIF-1α knockdown in H441 cells. H441 cell line was derived from a human lung adenocarcinoma and is representative of the human distal lung epithelium. To achieve silencing of HIF-1α, we performed siRNA transfection of H441 cells using two HIF-1α siRNAs, and used cells transfected with siRNA with a scrambled sequence as controls. Successful decrease in gene expression was achieved following siRNA transfection as shown in Fig. 3A . Following successful siRNA transfection, GDF15 mRNA expression was increased in these lung cells (Fig. 3B) . We also verified these results by using a HIF-1α specific inhibitor, Chetomin (CAS 1403-36-7) at 150 and 300 nM. It disrupts HIF binding to its transcriptional co-activator p300. Similar to the results with siRNA mediated gene silencing, inhibition of HIF-1α transcriptional activity also led to increased GDF15 mRNA expression in these cells (Fig. 3C) . To further confirm whether HIF-1α knockdown modulates GDF15 expression, we transfected H441 cells with GDF-15-Luc reporter construct bearing the promoter region of the GDF15 gene. These cells were then subjected to siRNA-mediated knockdown of HIF-1α. Results from the luciferase reporter assay experiment are shown in Fig. 3D . Similar to the results with the qRT-PCR, knockdown of HIF-1α led to increased GDF15 promoter activity. Thus, we were able to show that knockdown or inhibition of HIF-1α leads to augmentation of GDF15 expression.
GDF15 and HIF-1α expression in H441 cells exposed to hyperoxia
H441 cells showed increased expression of GDF15 mRNA at 48 and 72 h after hyperoxia exposure compared to cells in normoxia (Fig.  4A ). There was also a similar increase in GDF15 protein levels measured by ELISA in the cell culture supernatant after exposure to hyperoxia at 24, 48 and 72 h (Fig. 4B) . HIF-1α expression declined after hyperoxia exposure with a significant decrease seen at 72 h after hyperoxia exposure (Fig. 4C) . Thus, hyperoxia exposure had opposing effects on GDF15 and HIF-1α expression in H441 cells.
Discussion
BPD is associated with significant morbidity and mortality in premature infants. Exposure to high concentrations of oxygen (hyperoxia) contributes to its development of by increasing oxidative stress in the developing lung (Saugstad, 2003) . Multiple studies have revealed a male disadvantage towards the development of BPD in premature neonates, but the underlying molecular mechanisms are not well understood. The major finding of this study is that GDF15 was upregulated by hyperoxia in a sex-specific manner both in vivo and in vitro. We further highlight the sex-specific differences in the expression of GDF15 and its modulation by HIF-1α. Both in vivo and in vitro conditions, males showed increased expression of GDF15 upon exposure to hyperoxia. HIF-1α was upregulated in females in the acute phase and was downregulated in males in the late phase in vivo. Loss of function of HIF-1α leads to increased expression of GDF15 in H441 cells and there was an inverse relationship between GDF15 and HIF-1α expression in H441 cells and HUVECs upon exposure to hyperoxia. To the best of our knowledge, this is the first study showing the sex-specific differences in GDF15 induction in vivo in a model of neonatal hyperoxic lung injury and its modulation by HIF-1α in vitro in a model of pulmonary oxygen toxicity.
GDF15 is a member of the TGF-β superfamily and is expressed in many cell types and organs (Corre et al., 2013) . It is a secreted pleiotropic cytokine and is a part of the stress response pathway after cellular injury. It is also considered as a biomarker and is indicative of prognosis in cancer, congestive cardiac failure and acute respiratory distress syndrome (Lok et al., 2013; Wang et al., 2013) . Whether increased serum concentrations indicate ongoing cellular injury or represent a protective response to biologic stress is still an open question, and the answer might depend on the organ and cellular microenvironment. Published data from our laboratory and others show that GDF15 is a part of the gene expression signature of oxidative stress (Han et al., 2008; Tiwari et al., 2015) . GDF15 is expressed and induced in response to hypoxia in human pulmonary vascular endothelial cells (Nickel et al., 2011) . It is also induced in animal models of lung injury in both adult and neonatal mice (Bhattacharya et al., 2012; Lingappan et al., 2014; McGrath-Morrow et al., 2014; Zimmers et al., 2005) . We have previously shown that GDF15 is induced in pulmonary epithelial (BEAS-2B) and endothelial (HPMEC) cells upon exposure to hyperoxia (Tiwari et al., 2015) .
In this study, we report increased Gdf15 expression at the both the mRNA and protein levels at PND7 in male and female mice. The transcriptional response was higher in males. There were no differences noted between male and female mice in GDF15 protein expression in the lung homogenates. This could have been due to that fact that determination of protein levels in lung homogenates may not have captured the protein levels secreted into the systemic circulation.
Pulmonary angiogenesis is critical for alveolarization and inhibition of the former has an adverse impact on the latter (Jakkula et al., 2000; Thebaud, 2005) . We have shown that following postnatal hyperoxia (PND 1-5) exposure, angiogenesis was impaired (lesser vessel number and decreased expression for PECAM1/CD31 and VEGFR2) in male neonatal mice compared to females. HIF is a transcription factor that functions as an oxygen sensor and modulates gene expression in response Fig. 4 . Effect of hyperoxia on GDF15 and HIF-1α expression in H441 cells. GDF15 mRNA (A) GDF15 protein concentration (B) and HIF-1α mRNA (C) expression in H441 cells exposed to hyperoxia or normoxic conditions. Values are expressed as mean ± SEM. N = 6 for each group in each test. Significant differences from baseline are indicated by **P b 0.01.
to hypoxia including induction of pro-angiogenic genes such as VEGF (vascular endothelial growth factor). HIF-1 is a heterodimer composed of HIF-1α and the aryl hydrocarbon nuclear translocator (ARNT), also known as HIF-1β. When activated, it accumulates and translocates to the nucleus and binds to the hypoxia response elements of different target genes to increase transcription. Prolyl 4-hydorxylases are enzymes, which hydroxylate proline residues of HIF-1 and target them for polyubiquitination and proteosomal degradation mediated by pVHL protein (Maes et al., 2012) . Blockade of prolyl hydroxylase stabilizes HIF, and leads to increases in VEGF, PECAM-1 levels and angiogenesis in human microvascular endothelial cells exposed to hyperoxia (Asikainen et al., 2005) . In our study, HIF-1α mRNA levels were increased in female neonatal mice exposed to hyperoxia at PND7 and were decreased in male mice at PND21 which was consistent with our previous findings of decreased lung vascular development in male mice at the same time point (Lingappan et al., 2016) . HIF-1α was also decreased upon exposure to hyperoxia under in vitro conditions (Figs.  2 and 4) .
For the study of endothelial cell physiology, human umbilical vein endothelial cells provide a robust in vitro model (Cines et al., 1998) . GDF15 has been found to have pro-or anti-angiogenic effects based on the cellular microenvironment/stressor (Song et al., 2012; Whitson et al., 2013) . HUVECs exposed to hyperoxia showed a robust induction in GDF15 mRNA and protein levels and this was higher in male cells. We have shown previously that male HUVECs have higher oxidative stress under hyperoxic conditions (Zhang and Lingappan, 2017) and the increase in GDF15 levels in male HUVECs may be reflective of this phenomenon. HIF-1α protein levels were decreased in both male and female HUVECs upon exposure to hyperoxia. We have previously shown that after exposure to hyperoxia, male HUVECs have decreased tube formation capacity compared to similarly exposed female HUVECs (Zhang and Lingappan, 2017) . Increased anti-angiogenic gene expression in male mice has been reported by other investigators (Keenaghan et al., 2013) . Thus, in the hyperoxia model, GDF15 though induced, may not have a strong pro-angiogenic effect but maybe reflective of the levels of oxidative stress in the cells.
To study the interaction between HIF-1α and GDF15 under basal or normoxic conditions, we used the H441 cell line, which is representative of the human distal lung epithelium. We were able to show that both using siRNA mediated gene knockdown and inhibition of transcription that there was an inverse relationship between HIF-1α expression/function and GDF15 expression in this cell line. This was further confirmed using a dual luciferase reporter assay. These results were similar to the expression patterns seen in when H441 cells were exposed to hyperoxia, which elicited a decrease in HIF-1α, but an increase in GDF15 expression.
In conclusion, we show that there is sex-specific expression of Gdf15 and Hif-1α in the lung in vivo in neonatal hyperoxic lung injury and in male and female human umbilical venous endothelial cells in an in vitro model of oxygen toxicity. The increase in GDF15 expression may be a reflection of the levels of oxidative stress in the cellular environment and does not have a pro-angiogenic effect in the hyperoxia model. Also, HIF-1α and GDF15 expression were inversely related under normoxic and hyperoxic conditions in H441 cells. These results highlight sex-specific differences in the modulation of molecular pathways in hyperoxic lung injury both in vivo and in vitro, which may correlate with sexual dimorphism in the incidence of BPD.
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